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The  majority of Gram-negative  bacilli  are  described  as highly resistant  to 
penicillin  (1).  It was recently reported  by the  author  of this  paper  that  E. 
coli may be considerably more susceptible  to the drug than has hitherto been 
assumed.  Its  inhibitory  effect  could  be  overlooked  in  tests  against  an  ex- 
cessively  large  number  of  organisms.  On  repeated  tests  with  a  laboratory 
strain  of E. coli  (No.  42)  in the  same  batch  of meat  infusion broth,  a  linear 
relationship  was  obtained  between  the  log  of  initial  bacterial  concentration 
(horizontal axis, x)  and  the amount of penicillin necessary for complete inhibi- 
tion of growth (vertical axis, y).  When abscissas were log 3 to log 8 of bacterial 
concentration per ml.  at zero hours,  and the ordinates were 4  to 36.5  Oxford 
units of penicillin  per ml.,  a  straight line was obtained which could be fairly 
accurately expressed  by a  two-point equation y  =  6.5  x  --  15.5.  The  slope 
varied, however, in different batches of broth.  Furthermore, the susceptibility 
of the organism could be significantly enhanced when a  mixture of methionine 
and  normal  blood  serum  was  added  to  the  medium.  It  appeared  from  the 
above  observations  that  medium  ingredients  or  bacterial  metabolites  may 
be  capable  of  altering  the  action  of  penicillin  (2).  The  studies  embodied 
in this paper deal with the antagonistic and enhancing effects of certain amino 
acids upon the susceptibility of various groups of Gram-negative aerobic bacilli. 
EXPERIMENTAL 
Methods  and  Materials 
The microorganisms were maintained  on meat infusion agar,  pH 7.2-7.6, unless stated 
otherwise.  Cultures of single colonies were controlled by serological and biochemical tests. 
All the strains of E. coli and three strains of Salmonella (i.e.S. Newport, S. parogyphi B, and 
S. ent~idi~is) grew abundantly in the basal medium of Gladstone (3).  The Gladstone medium 
was prepared according to the directions of the author with some modifications, as follows:-- 
Part I was made by dissolving KI-I,PO4,  27 gin., NI~C1, 3 gin., (N-'d,)2SO4,  3 gin., and N 
NaOH, 75 ml. in 1800 cc. of distilled water.  The solution was sterilized by autoclaving at 120 
lb. for 15 minutes. 
Part II  a was made by vni~ng under precautions for sterility **/30 MgSO,- 7H20, 30 ml., M 
sodium lactate,  150 ml., distilled water,  775 ml., which were all previously autoclaved at 120 
lb. for 15 minutes with M  glucose solution, 75 ml., previously autoclaved on 2 consecutive days 
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at 110 lb. for i0 minutes.  Part IIb was M NaHCO, solution in H~O, sterilized by filtration 
through a Berkefeld V candle.  The parts were stored in tightly stoppered containers at room 
temperature and used during a  period of several weeks. 
The tests in Gladstone medium were made in 13 X  150 ram. tubes.  The total volume in 
each tube was 8 ml.  The ingredients consisted of part I, 2.4 ml., part II a, 1.4 ml., part II b, 
0.2 to 0.4 ml., distilled water solutions of penicillin and the substances tested and 1 ml. of the 
bacterial inoculum in 0.85 per cent NaCI solution.  Distilled water was added to make the 
finalvolume 8 mh  Following each new preparation of parts I and II a, the amount of NaHCO8 
necessary to give a  final pH of 7.2-7.5 was determined by potentiometer titration of chilled 
solutions.  The  tests were  set up,  as  follows:- 
The necessary amounts of parts I, II a, II b, and H20 were added first to each tube.  The 
tubes were chilled in the refrigerator for 1 to 2 hours.  The substances tested and the penicillin 
solution were added next and the tubes chilled again prior to the addition of the inoculum, 
which was also chilled for a short time.  The chilling of the solutions was important since at 
room temperature the sodium bicarbonate gave rise to a high initial pH (7.8-8.4), unfavorable 
for the growth of the organism.  It should be pointed out here that the buffering effect of the 
medium was high.  The final pH was little affected by addition of the substances tested in the 
pH range 5.5-7.5. 
Some tests recorded in this paper were carried out in meat infusion broth.  The final volume 
in each tube was also 8 mh  All dilutions including the inoculum were made in the same batch 
of broth.  When it was necessary to use distilled water solutions of some substances the broth 
employed for the control cultures was diluted with corresponding amounts of distilled water. 
Hoffman-La Roche and Squibb sodium salts of penicillin were used f~r the studies.  1  The 
powder was dissolved in distilled water to contain 5000 O.u., titrated for potency, and stored 
in the refrigerator for a period not exceeding 1 month.  Further dilutions were used only on 
the day of their preparation and they were titrated against the standard strain, staphylococ- 
cus H  by the method of McKee,  Rake, and Menzel (4).  The organism was inoculated once 
a  month on a  number of agar slants.  The slants were incubated for 24 hours at 37°C. and 
subsequently stored in the refrigerator.  On the morning of  the experiments, broth was in- 
oculated lightly with the refrigerated organism and incubated for 5 hours at 37°C.  Prior to 
use, the optical density of the broth culture was determined as described below and diluted to 
give a final bacterial concentration of 500 to 600 cells per ml. in the test medium. 
In initial experiments repeated colony counts were accompanied by optical density deter- 
minations in the Lumetron photoelectric colorimeter, using red filter 650 with the uninocniated 
medium  as  the  blank.  In  special reference  to  the  Gram-negative organisms studied,  an 
optical density 5 X  10  -s of a 5 hour culture was found to contain 1 X  108 to 2 X  108 cells per 
ml.  One ml. of suspension suitably diluted further was employed for the tests.  The final 
number of organisms at zero hours was approximately 0.75 X  10  s cells per ml.  In referring to 
inoculum thus prepared, the term "standard inoculum" will be employed.  In view of the re- 
lationship between the initial bacterial concentration and the amount of penicillin necessary 
for inhibition, as previously pointed out, considerable care was exercised in the preparation of 
inocula. 
The amino acids  and other  substances tested  were as follows  :-- 
"Bacto" yeast extract,  i.e.  water-soluble  fraction  of autolyzed yeast was dissolved  in dis- 
tilled  water in 1 per cent concentration  and sterilized  by autoclaving. 
x  The penicillin  was provided  in  part  by the 0fl~ce  of  Scientific  Research and Development 
from supplies assigned by the Committee on Medical Research for clinical  investigations 
recommended by the Committee on Chemotherapeutics and Other Agents of the National 
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The "vitamin-free" casein hydrolysate manufactured by General Biochemicals,  Division of 
Wyeth, was a sterile 10 per cent solution of add-hydrolyzed casein especially purified by the 
manufacturers for use in culture media and "microbiologically  standardized in order to make it 
suitable for assays for thiamine, riboflavin, pyridoxine and folic acid." 
The remaining substances were made by the following manufacturers  :- 
Eastman Kodak: d/-a-aminocaprylic acid,/-asparagine,/-benzoylalanine, 3,5-/-diiodoty- 
rosine,  glutaric  acid,  /-histidine  monohydrochloride,  /-hydroxyproline,  d/-isoleucine,  dt- 
leucine, d/-lysine monohydrochloride, l-proline, sarcosine  hydrochloride, d/-serine,  succinic 
add,  taurine, and urea nitrate; Elmer and Amend:/-aspartic acid; General Biochemicals, 
Division of Wyeth: dl-alanine, para-aminobenzoic acid, l-arginine monohydrochloride, biotin 
(free acid), calcium  pantothenate,/-cystine, l-glutamic add, glycine, inositol, dl-methionine, 
nicotinamide, nicotinic acid, d/-phenylalanine, pimelic acid, thiamin hydrochloride, dl-threo- 
nine, trigonelline hydrate,  dl-tryptophane, Ltyrosine, and  dl-valine; Hoffman-La Roche: 
dl-desthiobiotin,  d-hydroxyglutamic acid,  and  tyramine;  Merck:  pyridoxine;  Pfanstiehl: 
hippuryl glycine. 
All substances were dissolved in distilled water and adjusted with NaOH to pH 6.5-7.6. 
Para-aminobenzoic acid, l-benzoylalanine,  biotin (free acid), calcium pantothenate,/-cystine, 
dd-desthiobiotin,  3,5-/-diiodotyrosine,  hippuryl  giycine, d-hydroxyglutamic acid, inositol, 
d/-methionine, nicotinamide,  nicotinic  acid, pyridoxine hydrochloride, sarcosine hydrochloride, 
succinic acid, taurine, thiamin hydrochloride, trigonelline hydrate, tyramine,/-tyrosine, and 
urea nitrate were sterilized by filtration through Berkefeld  V candles.  The remaining solu- 
tions were sterilized by autoclaving.  All the preparations were stored at room temperature 
in order to avoid crystallization. 
The results recorded in this paper are readings of optical density of cultures, 20 to 21 hours 
following incubation at 37°C. 
The coeffident of resistance of an organism to penicillin was expressed  as the ratio of the 
minimal amount of penicillin,  in O.u. per ml., necessary to produce complete inhibition  of 0.75 
X  106 cells per ml. at zero hours to the mlnlrual amount of penicillin in O.u. per ml., giving 
complete inhibition of 5 X  10  a -- 6 X  10~ cells of staphylococcus tI per ml. at zero hours. 
For determinations of the antipenicillin  effect the substances described below were tested 
against two or more multiples of the minimal amount of penicillin giving complete inhibition 
of growth.  Thus, the optical density in control tests containing penicillin alone was always 
zero.  The antipenicillin  effect was taken as the ratio of the optical density of the culture con- 
raining the substance and penicillin to the optical density of the culture containing the sub- 
stance alone.  The ratio was then multiplied by 100 in order to express it in percentage.  In 
order to determine the reliability of the titrations described some of the experiments were 
repeated a number of times.  When certain experimental conditions, namely, the size and age 
of the inoculum, composition of the medium used for maintenance of the strain, potency of 
penicillin,  and composition and temperature of the basal medium prior to inoculation  were kept 
uniform, the experimental error did not exceed +10percent.  All"  the data recorded represent 
mean figures of several experiments. 
I 
The Antipenicillin Effect of Amino Acids. 
Comparison  of Bacteriostatic Effect of Penicillin  upon Strains of E.  coli and 
Salmonella  in  Meat  Infusion  Broth  and  Basal  Medium.--In  the  following 
experiments  use  was  made  of  strains  of E.  coli  and Salmonella  which  grew 
abundantly in the basal medium of Gladstone.  The strains were maintained 68  RESISTANCE  O]~  GRAM-NEGATIVE  BACILLI TO  PENICILLIN 
by one to ten daily subcultures on meat infusion broth and Gladstone medium, 
and  tested  for penicillin  susceptibility in  the  respective media. 
As can be seen from Table I, the susceptibility of the organisms studied was 
variable  but  markedly  greater  in  the  basal  medium  than  in  meat  infusion 
broth, the increase ranging from two to twenty times. 
Reversal of Bacteriostatic Effect of Penicillin upon E. coli (,No. 42) by Substances 
of Mixed Composition.--Prior to the experiments, E. coli  (No. 42)  was main- 
tained by one to ten serial subcultures on Gladstone medium.  The tests and 
final dilutions of the ingredients were made in the same medium.  The titrations 
were  carried  out in  a  twofold manner.  Various concentrations of penicillin 
TABLE I 
Comparison of tke Bacteriostatic Effects of Penicillin upon E. coU and Salmonella in Meat 
lnfusion Brotk and  Syntketi~ Medium (Gladstone) 
Microorganism 
E. coli No. 42 
E. coli No. 742 
Medium used 
for testing 
Broth 
Basal 
Broth 
Basal 
Concentration 
of peniciUin 
necessary for 
complete 
inhibition 
O.u./ml. 
20 
1 
>50 
10 
I  Resistance 
coefficient 
1000 
50 
>2500 
500 
S. Newport 
S. paratypki B  (1) 
S. ent~'itidis 
Broth 
Basal 
Broth 
Basal 
Broth 
Basal 
2  100 
0.2  10 
3  150 
1.5  75 
8  400 
1  50 
S  .usceptibillty 
increase m  i 
basal medium 
20X 
>5X 
10× 
-2× 
8X 
were  tested  against  constant amounts of meat  infusion broth,  blood serum, 
casein  hydrolysate,  or  yeast  extract.  Furthermore,  with  the  exception  of 
serum, there were tested various concentrations of the substances against the con- 
stant amount of 2 O.u. of penicillin per ml.  As was seen from Table I  the latter 
amount of the drug was twice the concentration necessary to obtain complete 
inhibition of the organism in Gladstone medium.  ~  The tests with serum were 
handicapped by the presence of natural bactericidins of variable concentration. 
Pooled  sera  obtained  from six  rabbits  were  filtered  through  a  Berkefeld  V 
2  On further passages through Gladstone medium the penicillin resistance of the  strain 
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candle, heated at 58°C. for 40 minutes, and retested for bactericidal potency 
several times.  Serum dilutions 1:5 and 1:10 inhibited somewhat the growth 
of E. coli (No. 42).  3  Dilution 1 : 20 which proved non-inhibitory was employed 
for the experiments described in this paper. 
As can be seen from Table II, all the substances tested were capable of re- 
versing the bacteriostatic effect of penicillin upon E. coIi (No. 42).  Obviously, 
in view of the clear-cut antipenicillin effect of casein hydrolysate the conclusion 
suggested itself that amino acids may be responsible for antagonism shown by 
the  substances studied.  When  comparison was made  between the  ratios of 
the  antipenicillin  effect to  the  nitrogen  concentration  of  the  substances,  it 
became apparent that casein hydrolysate and yeast extract were most effective, 
while meat infusion broth occupied an intermediate position and serum was the 
least antagonistic. 
Antipenicillin  Effect of Amino Acids.--All  these studies were made in Glad- 
stone medium. 
In preliminary experiments in which the tests were made against one minimal 
inhibitory dose of penicillin with E. coli  (No. 42) maintained prior to testing 
in Gladstone medium or Gladstone medium containing casein hydrolysate, a 
series of amino acids showed  a  somewhat variable antipenicillin activity, the 
greatest antagonism having been observed with asparagine.  The experiments, 
while  demonstrating  in  principle  that  amino  acids  may exert antipenicillin 
activity, were not sufficiently consistent to permit quantitative analysis.  In 
later studies it was found, however, that the irregularities were due to variations 
in resistance of the inoculum to penicillin which in turn depended on the com- 
position of the medium serving for maintenance of the cultures prior to testing, 
a fact described in greater detail on page 74. 
The  experiments summarized  in  Table III  were  carried  out  with  E.  coli 
(No. 42) maintained prior to testing by daily serial passages on meat infusion 
agar.  When  tested in  Gladstone medium alone the  standard  inoculum was 
completely inhibited by 1.25 O.u. of penicillin per ml.  The substances were 
tested in  two concentrations against  twice the minimal amount  of penicillin 
necessary for complete inhibition of the standard agar inoculum; i.e., 2.50.u. 
per ml.  The amino acids which were found clearly antagonistic to penicillin 
were further studied singly and in combinations as shown in Table IV. 
In addition to the experiments recorded in Tables III and IV there was also 
determined the antipenicillin effect of certain vitamins and allied compounds, 
using the  same inoculum and 2.50.u.  of penicillin per-ml.  The substances 
were  added  in  the  following  concentrations  per  milliliter  of  Gladstone 
medium:- 
Biotin 2-100 m7; desthiobiotin, 1251,; inositol, 25 m~/-13  ,; thiamin, 10 m3,-l'r; 
* The occurrence of serum bactericidins resistant to this temperature has been previously 
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TABLE II 
Rerersal of ~he Bacterios~atic Effect of Penicillin  upon E. coli (1go. 4g) by Substances of Mixed 
Compos~ion 
Substances  tested  for antlpenicilUn effect  Antipeni- 
ciUin  effect 
Concentxation/ml.  N/ml. 
Meat  infusion  broth 
?ooled rabbit a  serum 
lml. 
2.5  X  lff~ml. 
1.25  ×  10  ~  ml. 
6.25  X  10  -~ ral. 
1.25  X  10  -~ ml. 
5  X  lO-*ml. 
kreast extract 
2asein hydrolysate 
tt  ~ 
1.25 rag. 
625 
312,5 ~, 
125 
62.25 ~ 
31.25 -~ 
2.5 mg. 
125 v 
62.5 ~, 
25 "~ 
12.5 "r 
5 rag. 
125 "r 
62.5 -y 
31.25 
6.25 "r 
550  -~ 
140 
7O v 
35 
14 
7~ 
3.5,r 
362 -r 
~  7t 
18.1 -¢ 
9~ 
3.6-r 
1.8~, 
0 
28 
50 
60 
90 
42 
20 
14 
2 
0 
35 
50 
4 
30 
50 
65 
85 
66 
32 
18 
10 
0 
0 
2 
5 
25 
62 
84 
100 
50 
14 
4 
0 
pyridoxine,  25  m-/-10~,;  calcium  pantothenate,  10  m'r-l'r;  pimelic  acid,  250 
roT; nicotinic acid,  25-250  mr;  nicotinamide,  10 mT-l'/;  trigonelline,  2.5 rag; 
and para-aminobenzoic  acid,  7.5-37.57.  No antagonistic  effect was  obtained 
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As can be seen from Table III,  a  large number of the substances  (i.e.,  dl- 
alanine,  dl-serine,  /-benzoylalanine,  d/-phenylalanine,  l-tyrosine,  3.5-/-diiodo- 
tyrosine, tyramine, glycine, sarcosine, hippuryl glycine, d/-vallne, d/-isoleucine, 
dl-threonine,  d/-leucine,  d/-lysine,  glutaric  acid,  succinic  acid,  d/-methionine, 
d/-methionine  sulfoxide,  taurine,  l-proline,  d/-tryptophane,  and  urea  nitrate) 
exerted, in the highest concentration indicated, 0 to 28 per cent of antipenicfllin 
effect.  When half concentration was employed there was a disproportionately 
sharp fall in the antagonism which with a number of substances reached zero. 
In contrast, a few amino acids, namely l-glutamic and l-aspartic acids, l-cystine, 
/-hydroxyproline,  /-arginine,  and/-histidine  proved  clearly antagonistic.  In 
the  higher  concentrations  recorded  in  Table III,  the  antagonism  was 50 to 
70 per cent.  Another distinguishing  feature of the behavior of this group of 
substances was to be found in the fact that half concentration exercised a con- 
siderably greater antipenicillin  effect than was to have been anticipated from 
the reduction in concentration.  The  latter fact is illustrated  further  by the 
titrations of various concentrations  of asparagine  and cystine against 2.50.u. 
of penicillin  per nil.,  recorded in Table IV.  It is of interest  that  the higher 
concentrations  of asparagine  (i.e.  2.5 and  1.25 rag. per ml.) proved somewhat 
less antagonistic than smaller amounts.  With both asparagine and cystine, the 
antipenicillin  effect remained  approximately  the same within a  wide range of 
decreasing  concentrations.  It  can  be noted also that  cystine appeared  con- 
siderably more  effective than  asparagine.  Thus  250~  of asparagine  was re- 
quired for 50 per cent of antipenicillin effect, while nearly as much (i.e.  45 per 
cent) antagonism could be obtained with 6.25~. of cystine. 
The  remaining  experiments  recorded in  Table  IV,  which  concerned  them- 
selves with the combined effects of the antagonistic aminoacids, indicated the 
following relationships under the experimental conditions described, namely: 
(a) The antagonism of the mixtures was limited to a certain maximum (i.e. 
86 per cent)  irrespective  of the  total of the antagonistic  potencies of the in- 
dividual members of the mixtures.  With the calculated sums of the antipenicil- 
lin effects of the amino acids composing the mixtures ranging from 84 to 181 
per cent, the antagonism  observed remained  in the narrow range  of 62 to 86 
per cent; 
(b)  When  the  amount  of penicillin  tested  against  asparagine  and  cystine 
mixtures was increased two and four times, i.e. from 2.5 to 5 and  10 O.u. per 
ml., the antipenicillin property was reduced disproportionately only by 23 and 
30 per cent, respectively.  These observations suggested strongly that  the an- 
tagonism of the amino acids was due to their effect upon bacterial metabolism 
rather  than  caused by interaction  with penicillin itself, an assumption finding 
further  support in the following experiments:-- TABLE  III 
Antipenicillin  Effect of Amino  Acids and Allied Substances 
Substances tested 
Name 
dl-Alanine 
d/-Serine 
/-Benzoylalanlne 
d/-Phenylalanine 
/-Tyrosine 
3, 5-/-Diiodoty- 
rosine 
Tyramine 
Glyclne 
Sarcoslne 
Hippuryl glyclne 
dl-Valine 
d/-Isoleucine 
dl-Threonine 
dl-Leucine 
d/-Lysine 
/-Aspartic acid 
/-Asparagine 
Succinic acid 
/-Glutamic acid 
d-Hydroxygluta- 
mic acid 
glutaric acid 
l-Cystine 
dl-Methionine 
dl-Methionine 
sulfoxide 
Taurine 
Final concentration 
Structural name  Moles  m  ./  mg./ 
per  liter  n~.  ml. 
x 10  'a 
dl-a-Aminoproplonic  7  0.625  0.1 
acid 
d/-~-Amlno-0-hydroxy-  10.4  1.25  0.17 
propionic acid 
l-a-Benzamidopro-  13  2.5  0.18 
pionic acid 
d/-a-Amino-~-phenyl-  3.7  0.625  0.05 
propionic acid 
/-a-Amino-~- (p-by-  3.5  "  " 
droxyphenyl)-pro- 
pionic acid 
3,5-l-Dilodo-a-'amino-  1.5  "  0.02 
O-(p-hydroxyphenyl)- 
propionic acid 
p-Hydroxypheny]amlne  4.55  "  0.076 
Amlnoacetlc acid  8.3  "  0.12 
Methylaminoacetlcacid  2.8  0.25  0.04 
Hippurylaminoacetic  1.6  "  0.03 
acid (benzoylglycyl- 
glycine) 
dl-~-Aminoisovaleric  5.3  0.625  0.08 
acid 
d/a-Amino-0-methyl-  4.74  "  0.07 
valerlc acid 
d/-a-Amlno-~-hydroxy-  0.63*  0.075  0.01 
butyric acid 
d/-a-Aminoisocaproic  4.74  0.625  0.07 
acid 
d/-a-e -Diaminocaproic  3.3  "  0.12 
acid 
d/-a-Amino-n-caprylic  0.79  0.125  0.01 
acid 
l-a-Aminosuccinic acid  5.6  0.75  0.08 
/-a-Aminosuccinamic  4.7  0.625  0.13 
acid 
Butanedioic  acid  5.3  "  0 
l-a-Aminoglutaric acid  4.2  "  0.06 
d-c~-Amino~8-hydroxy-  7.7  1.25  0.  II 
glutaric acid 
Pentanedioic  acid  4.75  0.625  0 
/-0,fl'-Dithiodialanine  1  0.25  0.03 
dl-Methylthiol-a-  25.1  3.75  0.35 
amino-butyric acid 
dl-Methylsulfinyl-a-  38.2  6.25  0.53 
aminobutyric acid 
2-Amlnoethanesulfonlc  1  1.25  0.13{ 
acid 
Substances tested 
Anti-  Anti- 
penicillin  Final concentzation  penicillin 
effect  es.  effect  es. 
2.50.u./  2"SmOl'U'/  Moles 
•  per liter  rag./  rag./  rnl. 
x  10-t  ml.  ml. 
0  3.5  0.3125 0.05  0 
22  5.2  0.625  0.085  2 
10 
4  1.85  0.3125  0.025  14 
28  1.75  "  "  4 
0 
13 
0 
2 
4.15  0.3125  0.06  10 
15  2.65  0.3125 0.04  9 
28  2.37  "  0.035  8 
27  0.32  0.038  0.005  2 
6  2.37  0.3125  0.035  8 
25  1.65  "  0.06  6 
50  2.8  0.375  3.04  33 
60  2.55  0.3125  0.065  55 
0  2.65  "  0  0 
57  2.1  "  ).03  47 
70  3.85  0.625  3.055  46 
0  2.38  0.312~  3  0 
64  0.5  0.125  3.015  60 
4  12.55  1.875  ~).175  0 
12  19.1  3.125  ~.265  0 
0 
* See Table VII for the effect of higher concentrations. 
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Substances tested 
Name 
-Proline 
1-Hydroxyproline 
Structural name 
/-  1-2-Pyrrolidlnecarbox- 
ylic acid 
1-1-2-Hydr  oxypyrr  oli- 
dinecarboxylic acid 
bArginine  l-~-Amino-~-guanidino- 
valeric acid 
/-Histidine  /-a-Amino-~llmidazole- 
propionic acid 
d/-Tryptophane  dl-a-Amino~-indole- 
propionic acid 
Urea nitrate  Carbamyl nitrate 
Final concentration 
Moles 
per  liter rag./  rag./ 
x I0~  ml.  ml. 
5.3  0.625  0.08 
4.75  "  0.07 
3.6  "  0.21 
3.2  "  0.17 
0.5  0.1  0.01 
1.25  1.25  0.28 
Anti- 
~enicillin 
effect vs. 
2.50.u./ 
ml. 
50 
5O 
56 
Substances tested 
Final concentration 
Moles 
per  liter 
x  10"I 
3  2.65  0.3125 0.04 
2.38  "  0.035 
1.8  "  0.11 
1.6  "  0.085 
2  0.25  0.05  0.005 
Anti- 
penicillin 
effect vs. 
2.50.u. 
mi. 
4 
28 
38 
50 
0 
TABLE  IV 
Combined Antipenicillin E ffec~ of Amino Acids 
Amino acids 
peni- 
cillin  l-GIutamic 
l-Asparaglna  /-Cystine  l-Arginine  l-Histidine  acid 
9.u./ml. 
2.5 
J~ 
P~ 
~P 
5 
10 
2.5 
~J 
mg./mZ. 
2.5 
1.25 
6.25 X  10  "-I 
2.5  X  10-1 
1.25  X  10-1 
2.5  X10  "2 
2.5 
~P 
1.25 
1.25 
1.25 
mg./mL 
1.25  X  10-  i 
1.25  X  10  -~ 
6.25  X  100  a 
2.5  X  100  8 
1.25  X  100  1 
mg./ml. 
3.1  X  10  -x 
3.1  X  10  -1 
;J 
~J 
mg./~. 
3.1  X  10-I 
3.1  X  1001 
3.1  X  10  -1 
3.1  X  10-1 
mg./mL 
3.1  X  10  °1 
3.1  X  10  -1 
3.1  X  10-1 
7J 
Calcu-  Anti- 
lated sum  ~nicillin 
of anti-  effect 
penicillin  obtained 
effect 
43 
46 
6O 
50 
35 
30 
6O 
56 
45 
20 
103  65 
50 
35 
38 
50 
47 
84  74 
88  73 
85  62 
134  74 
131  86 
135  82 
181  75 
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Effect of Incubation  of Amino Acids with Penicillin Prior to Inoculation  of 
E. coli upon the Antagonistic Activity of the Acids.- 
In these experiments, all Carried out in Gladstone medium, mixtures of penieillln, 2.50.u., 
with asparagine, 0.625 rag., and penicillin, 2.50.u., with cystine, 0.125 rag. per ml., were incu- 
bated for various intervals of time prior to inoculation with E. coli (No. 42).  The time inter- 
vals were 37°C., 2 hours~ and 4°C., I hour; 37°C., 1 hour, and 4°C., 24 hours; 4°C., 24 hours; 
and finally, 37°C., 5 hours.  In control tests the inoculation was made immediately upon the 
addition of the ingredients.  All tests were incubated at 37°C. for the usual period of 20 to 21 
hours following inoculation. 
The antipenicillin effect of the amino acids varied within the narrow range of 
50 to 60 per cent.  Thus,  the results of the experiments indicated  that pre- 
liminary  incubation  of  ingredients  produced  no  significant  effect  upon  the 
antagonistic property of the amino acids tested. 
R~elation between Penicillin Susceptibility  oJ E. coli (No. 42)  and  the Com- 
position of the Medium Used  for Cultivation Prior to Testing.--As already men- 
tioned,  the  experiments  on  the  antipenicillin  effect  of  substances  of  mixed 
composition (i.e. broth, etc.) were carried out with E. coli (No. 42) maintained 
in  Gladstone  medium  for  1  to  10  serial  passages.  The  standard  inoculum 
prepared from those passages was completely inhibited by 10.u.  of penicillin 
per ml. of Gladstone medium.  On further passages through Gladstone medium 
there was noted a gradual increase in penicillin resistance of the organism.  In 
view of this observation it was deemed advisable to determine the effect of the 
composition of the medium serving for maintenance of the organism prior to 
testing upon its penicillin susceptibility.  The strain was cultivated on meat 
infusion agar, Gladstone medium, and Gladstone medium containing 1.25 rag. 
of casein hydrolysate, per ml.  The subcultures were made six times a  week. 
The "meat infusion agar" substrain was thus maintained for several months, 
while "Gladstone" and the "casein-Gladstone" substrains were carried for 188 
and 132 passages, respectively.  Repeated testing of various passages showed 
no  differences in  sugar-fermenting  properties.  They  all produced  acid  and 
gas in dextrose, mannite, and lactose and failed to ferment maltose and sac- 
charose.  On plain agar plates the substrains gave rise to approximately the 
same small number of rough colonies, the remaining ones being smooth and 
somewhat cauliflower-like in  outline.  In broth  there  was in  addition  to  an 
abundant turbidity a small amount of granular sediment.  The "casein-Glad- 
stone" substrain produced a  more copious sediment than the other two sub- 
strains.  Standard  inocula  of  the  substrains  were  tested  against  penicillin 
in Gladstone medium.  The "casein-Gladstone" substrain showed the highest 
susceptibility,  being  completely inhibited  by 0.75  O.u.  of penicillin  per ml. 
The "meat infusion agar" substrain required for complete inhibition 1.25 O.u. 
of penicillin per ml., being 1.66 times more resistant than the preceding one. 
The minimal dose of penicillin giving complete inhibition of the "Gladstone" GREGORY  SIIWARTZMAN  7S 
substrain was 2.25 O.u. per ml., indicating a threefold greater resistance than 
the  "casein-Gladstone" substrain.  Cultures of the  substrains  in  Gladstone 
medium showed little difference in the amount of growth, following 20 to 21 
hours of incubation at 37°C.  The possible connection of these findings with 
previously recorded observations on the antipenicillin  effect  of  amino  acids 
will be discussed later. 
Relation of the Rate of Growth of E. coli (No. 42) to the Antipenicillin Activity 
of Amino Acids and Casein ttydrolysate.--In the course of the work a consider- 
able amount of information was accumulated which enabled a  determination 
to be made of whether there existed any relationship between the antipenicillin 
property and the effect of the substances studied upon the bacterial growth. 
The findings can be summarized as follows:-- 
(a)  Effect of Amino Acids upon the Final Bacterial Concentration.--Optical 
density of cultures following 20 to 21 hours of incubation at 37°C.  was taken 
to express the "final" bacterial concentration, since all the readings recorded 
in this paper were made at the expiration of this period of time.  The effect of 
the substances upon growth was made by comparison with control cultures 
receiving the same standard inoculum, all other conditions having been kept 
as uniform and similar as possible; i.e., size of tubes, amount and composition 
of medium, H ion concentration, etc. 
The amino acids listed in Table III differed in their effect upon the final bac- 
terial population.  In the higher concentrations given in this table, tyrosine, 
proline,  methionine, valine,  and  alanine gave  10  to  30  per  cent  of growth 
inhibition.  None of these acids exerted any significant antipenicillin effect. 
The remaining amino acids were capable of giving 10 to 25 per cent of growth 
promotion, 15 to 25 per cent of promotion having been obtained with methionine 
sulfoxide, asparagine, aspartic acid, arginine, leucine, isoleucine, phenylalanine, 
or serine.  It was obvious that the growth promotion was not related to the 
antipeniciUin property of the acids.  Thus, phenylalanine, isoleucine, leucine, 
methionine sulfoxide, and serine, capable of 15 to 25 per cent of growth pro- 
motion, possessed little or no antipenicillin effect.  Conversely, hydroxyprolin 
and histidine giving 10 per cent of growth promotion were strong antagonists 
of penicillin.  The lack of correlation between the effect of amino acids upon 
final bacterial concentration and penicillin antagonism was further supported 
by many similar examples.  Various mixtures of antagonistic amino acids show- 
ing 62 to 86 per cent of antipenicillin activity gave growth promotion similar 
to that obtained with single amino acids exerting a  lower antagonism (Table 
IV).  Finally, some of the vitamins of the B complex, namely inositol, pimelic 
acid,  calcium pantothenate, nicotinic acid,  and nicotinamide gave  10  to  25 
per  cent of growth promotion without showing any antipenicillin property. 
(b) Rdation of Rate of Growth at the Initial Stages of Incubation to the Anti- 
penicillin  Activity  of Casein Hydrolysate.--In  these experiments observations 76  RESISTANCE O~" GRA~-NEGATIVE BACILLI TO PENICILLIN 
were made on the optical density and H ion concentration of cultures of E. coli 
in  Gladstone medium and  Gladstone medium  containing casein hydrolysate 
125~/ per ml., with and without 2.50.u. of penicillin per ml.  Readings were 
made at one-half hour intervals for the period of 0 to 7 hours of incubation at 
37°C.  In  cultures  containing  no  penicillin  the  initial  lag  period  lasted  for 
33 to 4 hours.  The generation time was two to three times longer during the 
initial 2 to 3 hours of the log phase in the presence of casein hydrolysate than 
in  Gladstone medium  alone.  The pH  of the  culture  in  Gladstone medium 
dropped in 2 hours from 7.6 to 7.52 and in "casein-Gladstone" medium from 
7.6  to  7.25.  In the presence of penicillin the  Gladstone culture  showed no 
growth, while the culture in "casein-Gladstone" medium had 50 per cent of 
growth of the culture without penicillin.  The observations disclosed that there 
was a shorter generation time in cultures containing casein hydrolysate.  The 
following two experiments were done in order to determine whether this altera- 
tion  in  the  initial  growth  rate  bore  any  relation  to  antipenicillin  effect of 
casein hydrolysate. 
Cultures of E. cole were made in Gladstone medium containing casein hydrolysate 125"r, 
asparagine  0.625  rag.,  cystine 0.25  rag.,  per ml. or mixtures of aspazagine  and  cystine in 
above final concentrations, with and without 2.50.u.  of penicillin per ml.  The cultures were 
then placed in the refrigerator  at 4°C. for 1, 2, 2½, 3, 4, and 5 hours, and then incubated at 
37°C. for 20 hours.  In other sets, the tubes were first incubated for 3 and 4 hours, refrigerated 
for 3 and 2 hours, respectively, and incubated again up to a total number of 20 hours at 37°C. 
The  antipenicillin effect of the  substances  tested varied  2  to  5  per  cent. 
Thus, prolongation of the lag period and generation time at the beginning of 
the log phase failed to influence the antipenicillin effect of casein hydrolysate 
and amino acids.  Obviously, the shortening of generation time occurring in 
the presence of casein hydrolysate was not directly responsible for the anti- 
penicillin effect of the substances. 
II 
Enhancement  of Penicillin Activity 
Before the findings thus far described became available, the observation was 
made  that  in  certain  concentrations methionine  inhibited  the  growth  of E. 
coli. 4  Methionine and penicillin seemed to exert a synergistic inhibitory effect 
upon the organism.  The inhibitory effect of methionine alone was abolished 
in part by the addition of rabbit blood serum suitably diluted.  However the 
"neutralized" mixtures of methionine with serum, though themselves producing 
only incomplete inhibition,  could enhance markedly the  susceptibility of E. 
coli broth cultures to penicillin (2).  Following the studies on the antipenicillin 
* Tnhlbition of E. coli growth by methionine has been previously observed by Bliss and Long 
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property of the amino acids, the assumption was made that the enhancement 
of susceptibility just mentioned may be due to the ability of methionine to 
counteract the antagonism of amino acids.  The following experiments were 
made to test the validity of this assumption. 
Effect of Methionine  upon Antipenicillin Properties of Certain Amino Acids 
and Casein ttydrolysate.--In these experiments the "meat infusion agar" sub- 
strain of E. coli (No. 42) was used.  As can be seen from Table V, methionine 
was capable  of reversing significantly the antagonistic effects of asparagine, 
aspartic  and  hydroxyglutamic acids,  and  histidine.  Little reversal of  the 
effect of casein hydrolysate was observed.  It may be pointed out that this 
TABLE V 
Effect of Methionine upon Antagonistic Amino Acids and Casein Hydrolysate 
dl-M ethionine 
mg./ml. 
3.75 
3.75 
3.75 
3.75 
3.75 
Antipenicillin  factors 
Name 
/-Asparagine 
/-Aspartic acid 
d-~ydroxyglutamic  acid 
l-Histidine 
Casein hydroly~te 
m~./ml. 
1.25 
0.3125 
1.25 
0.3125 
0.375 
0.625 
0.3125 
2.5 
Anti~nlcillin effect 
Penicillin 2.50.u./ml. 
46 
55 
15 
10 
35 
3 
48 
8 
50 
10 
50 
42 
experiment was incomplete, a rather large amount of casein hydrolysate having 
been  used. 
Reversal of the Antipenicillin Effect of Serum by Methionine,  Compared witk 
Other Amino Acids.--The  test organism was again the "meat infusion agar" 
substrain of E. coli (No. 42).  All amino acids were tested in the higher concen- 
trations indicated in Table III in Gladstone medium alone, and the medium: 
containing pooled rabbit  serum 5  X  10  -2 ml,, with and without 2.50.u.  of 
penicillin per ml.  The serum gave in the absence of amino acids, 35 per cent 
of  antipenicillin  effect.  In  the  presence  of  alanine,  serine,  phenylalanine, 
tyrosine, glycine, valine, leucine, isoleucine, lysine, threonine, proline, arginine, 
cystine, tryptophane, and aspartic acid the antipenicillin effect of serum varied 
from 35  to 40  per  cent.  In mixtures  of hydroxyglutamic acid, asparagine, 
histidine, and hydroxyproline the antagonistic effect was 40 to  50 per  cent. 
Methionine was capable of reducing the antagonism  of serum from 35  to 15 78  RESISTANCE  OF  GRAM-NEGATIVE  BACILLI  TO  PENICILLIN 
per  cent.  Thus among the twenty amino acids tested methionine was  the 
only substance  capable  of reversing  significantly,  though incompletely,  the 
antipenicillin  effect of serum. 
The Facilitating Action of Other Amino Acids on the Methionine Enhancement 
of E.  coli Susceptibility  to Penicillin  in the Presence of Serum.--It  will be re- 
membered from experiments  of Part I that dicarboxylmonoamino acids were 
among those endowed with the antipenicillin  property.  In view of this fact 
it was deemed of interest to determine whether monohydroxy-monoamino  acids 
would  increase  the activating effect  of methionine in the presence  of blood 
Serum.  In preliminary experiments  in which a mixture of methionine, 3 rag., 
and threonine, 1.25 mg., per ml. was added to Gladstone medium containing 
serum, 5  X  10  --3 ml.  and penicillin,  2.50~u., per ml., there was  observeda 
decrease in the antipenicillin effect from 35 to 8 per cent.  Following this find- 
ing, the methionine-threonine mixture was tested against the remaining amino 
acids in Gladstone medium containing serum and penicillin in the concentrations 
indicated above.  These tests disclosed a complete reversal of the antagonistic 
property of serum in the presence of a mixture of methionine, 3 rag., methionine 
sulfoxide, 3.125 mg., threonine, 1.25 mg.,  and of a mixture of methionine, 3 
mg., methionine sulfoxide, 3.125 mg., serine,  1.25 mg. 
Observations  of previous  authors (1) have demonstrated that the majority 
of aerobic Gram-negative bacilli are highly refractory to penicillin.  The tests 
by the authors were made in meat infusion  broth cultures.  Assuming  that 
the refractoriness  may be due at least in part to the presence of antagonistic 
amino acids in the broth, the following studies were carried  out in order to 
determine whether the methionine-methionine  sulfoxide-threonine  mixture is 
capable  of increasing  the penicillin susceptibility of broth cultures of Gram- 
negative bacilli:- 
Enhancement  of Penicillin  Susceptibility  of Broth Cultures of Gram-Negative 
Bacilli by Means of the Methionine-Methionine  Sulfoxide-Threonine Mixture__ 
Forty-eight hour old cultures of Brucella in meat infusion broth were used and 
5 hour old cultures of the other organisms employed.  The tests with Brucella 
strains were read following 48, 72, and 96 hours of incubation at 37°C.  The 
results indicate complete inhibition of growth for the entire period of observa- 
tion.  The tests with the remaining organisms were read 20 to 22 hours follow- 
ing incubation. 
In repeated experiments,  methionine, 3.75 rag. per mi. used alone  and in 
mixture with threonine, 1.25 rag. per ml., gave variable inhibition of growth of 
the organisms tested; i.e., 10 to 55 per cent.  The inhibitory effect of methion- 
ine-methionine  sulfoxide-threonine  mixture  with  and  without  penicillin  is 
recorded  in  Table  VI. 
As can be seen from Table VI, penicillin susceptibility of broth cultures of 
highly refractory  Gram-negative bacilli  may be  variably  but  significantly GREGORY SHWARTZMAN"  79 
enhanced in the presence d  methionine-methionine sulfoxide-threonine.  When 
all the  groups are  considered  together,  there  can be  noted  similar degrees of 
susceptibility enhancement  with organisms, of widely different coefficients of 
resistance  (R.C.).  Thus,  there  was  a  twofold enhancement  of resistance  of 
TABLE VI 
Enkancement of Susceptibility  to Penicillin of Refractory  Gram-Negative  Organisms  by Means 
of Methionine,  Threonine,  and Makionine Sulfoxide 
Microorganism 
F_h. typhosa  Rawlings 
....  H (Oxford) 
"  "  TL M 
....  O (Oxford) 
"  ,,  Mt. S. 
S'. Newport,  563 
"  typhi murium, 
vat. Binns 
"  typhi murium, 
var. aertrycke 
"  parogypki A, 
vat. Durozzo 
"  #aratyphi B  (2) 
~h. Flexner I 
"  Sonnei 
"  dysenUrlae 
(Shiga) 
Br. melitensis 
"  caprini 
(Oxford) 
Penicillin tests 
Times enhance-  Per cent inhibi-  tion in broth  Coefficient of resistance  ment of Peni- 
cillin snscepti- 
+  M.T.S.*  Broth  bility by M.T.S. 
Broth  + M.T.S. 
Gr.p.~  250  125  2 
0§  375  100  3.75 
16  500  75  6.6 
Gr.p.  1500  75  20 
13  75  30  2.5 
0 
50 
Gr.p. 
i 
0 
0 
37.5  37.5 
37.5  18.75  2 
5000  1500  3.3 
2500  500  5 
625  50  12.5 
50  4500  1500  3 
0  8000  2500  3.2 
20  375  75  5 
40  100  25  4 
46  1250  100  12.5 
50  3750  100  37.5 
* M.T.S.  =  methionine,  3.75  rag. +  threonine,  1.25 rag.  +  methionine  sulfoxide, 3.125 
rag. per ml. 
Gr.p.  =  more abundant growth  than in broth alone. 
§ 0 =  the same amount of growth as in broth alone. 
Eb. typhosa Rawlings, R. C. 250 and S. typhi murium, R. C. 37.5; and a fivefold 
enhancement with S. paratyphi A,  R.  C.  2500  and Sh. dysenteriae (Shiga), 
R.  C.  375,  etc.  Conversely,  a  37.5-fold  enhancement  was  obtained  with 
Er. caprini, R. C. 375, whilst Sh. Flexner I, R. C. 4500, showed only a threefold 
increase.  The  number  of  strains  tested  is  as  yet insufficient to  permit  any 
conclusions on  the  range  of  enhancement  possible  within each  group. 80  RESISTANCE 017  GRAM-NEGATIVE BACILLI  TO  PENICILLIN 
As can also be seen from Table VI, the amino acid mixture alone produced 
variable degrees of inhibition of some organisms and no inhibition or even some 
growth promotion of others.  Apparently, growth effects bore no direct relation 
to  the  enhancement  of  susceptibility  obtained  in  the  presence  of  the  acids. 
Observations similar to those described on page 76 were made at short intervals 
of time on the rate of growth and H ion concentration in cultures of Eb. typhosa, 
TABLE VII 
Synergistiv Antibiotic E.gea of Penicillin, Metkionine, Threonine, and Methionine 
Sulfoxide upon Eb. typkosa, Strain TLM 
d/-Methionine 
mg. 
O. 3-3.75 
0:3-0.94 
1.875 
1.875 
1.875 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.75 
3.75 
Amino acids per nil. of broth 
d/~Methlonine  sulfoxide  d/-Threonine 
mg. 
1.25-2.5 
1.25-2.5 
1.25 
2.5 
2.5 
O. 125-2.5 
O. 125-0.625 
1.25 
2.5 
2.5 
2.5 
2.5 
1.25 
2.5 
mg, 
0.3-6.25 
3.125--6.25 
3.125-6.25 
3.125 
6.25 
O. 3-3.125 
6.25 
3.125 
3.125 
0.3 
0.625 
3.125 
6.25 
3.125 
6.25 
Penicillin required  for 
complete inhibition 
O.u.lr,  d. 
>2.5 
>2.5 
>2.5 
>2.5 
>2.5 
>2.5 
2.5 
>2.5 
>2.5 
2.5 
>2.5 
2.5 
>2.5 
2.5 
1.5 
0.5 
1.5 
0.1 
The organism used was Eb. typkosa TIM ia initial 
ml.  When  tested in broth alone 10 O.u. per ml. of 
inhibition. 
concentration of 0.75 X 106 cells per 
penicillin were required for complete 
strain Tz~VI, in the presence and absence of the methionine-methionine sulfoxide- 
threonine  mixture.  The  mixture  of  the  amino  acids  brought  about  some 
prolongation of generation time during several initial hours of the log phase. 
The H  ion concentration of the cultures varied from pH 6.8 to 7.1. 
Synergistic Antibiotic Effect of Penicillin, Methionine, M ethionine Sulf  oxide, 
and Threonine.--In the following experiments the enhancing properties of the 
amino acids were studied quantitatively: Eb. typhosa, strain TzAM, selected for 
the studies was completely inhibited in broth alone by 10 O.u. of penicillin per 
ml.  Methionine,  methionine  sulfoxide,  and threonine were tested  separately GREGORY  SHWAETZMAN  81 
and in various combinations against 0.1  to 2.50.u.  of penicillin per ml.; i.e., 
the highest concentration of penicillin used in these titrations being four times 
smaller than the minimal amount of penicillin required to produce complete 
inhibition in the absence of the acids. 
As can be seen from Table VII, using amounts of penicillin not exceeding 
2.50.u. per ml., no enhancement of penicillin susceptibility was obtained upon 
addition of each of the amino acids separately and of mixture of methionine 
sulfoxide and threonine.  The presence of methionine in sufficient concentra- 
tion was essential for the enhancement.  However, methionine sulfoxide and 
threonine facilitated reciprocally the effect of methionine, provided the con- 
centration of threonine and methionine sulfoxide was correspondingly increased. 
It is of interest to note that, using optimum concentrations of the acids, 0.1 
O.u. of penicillin per ml. was sufficient to give complete inhibition of F_,b. typhosa, 
strain TLM.  In the absence of the amino acid mixture, 10 O.u. of penicillin per 
ml. was required for the same effect.  In the absence of penicillin the amino 
acid mixture gave 16 per cent of growth inhibition.  Penicillin, 0.10.u.  per 
ml., in broth alone gave no inhibition.  Obviously, the observed 100-fold  in- 
crease in susceptibility to penicillin caused by addition of the amino acids could 
not be accounted for by additive inhibitory effects of the ingredients. 
DISCUSSION  AND  CONCLUSIONS 
Highly refractory Gram-negative aerobic bacilli were selected for the investi- 
gations on the mechanism of penicillin action.  Studies along similar lines have 
not yet been extended to penicillin susceptible  Gram-positive organisms. 
It has been previously reported by the author of this paper  (2)  that the 
inherent penicillin susceptibility of Gram-negative bacilli may be greater than 
hitherto assumed.  The effect of the substance may escape observation in tests 
in which an excessively large inoculum of E. coli is used.  Within certain limits 
a linear relationship was obtained, as already stated, between the log of initial 
bacterial concentration and the amount of penicillin necessary for complete 
inhibition of growth.  The  slope  of the  curve  varied,  however,  in different 
batches of broth.  Furthermore, the susceptibility of the organism could be 
significantly enhanced by addition of methionine-serum mixture.  The facts 
suggested that certain extrinsic factors, namely medium ingredients, or bacterial 
metabolites may be  capable  of altering the effect of penicillin upon  Gram- 
negative bacilli.  In order to test this assumption the effect of penicillin upon 
strains of E.  coli  and Salmonella,  which grew  abundantly in basal medium, 
was compared in this medium alone and in mixture with blood serum, yeast 
extract, meat infusion broth, or a "vitamin-free" casein acid hydrolysate.  The 
susceptibility of the organisms was the highest in basal medium.  The materials 
just mentioned showed a  distinct antagonism for penicillin which compared 
on the basis of nitrogen concentration was most marked in casein hydrolysate 82  RESISTANCE  OF  GRAM-NEGATIVE  BACILLI  TO  PENICILLIN 
and yeast extract.  In view of the significant  antipenicillin  potency of casein 
hydrolysate it was assumed that amino acids may be responsible for the effect. 
The assumption was strengthened  by the findings  that  clear-cut antagonism 
could be obtained with certain amino acids, namely, cystine, asparagine, aspar- 
tic,  glutamic  and  hydroxyglutamic acids,  arginine,  histidine,  and  hydroxy- 
proline.  The antagonistic potency of the amino acids could be conveniently 
compared by determining  the minimal  amount  of amino nitrogen  necessary 
to obtain 45 to 50 per cent reversal of the effect of two minimal inhibitory doses 
of penicillin, per ml.  From the quantitative,studies thus made it was concluded 
that  cystine was the most potent agent, 0.75 -g N  giving the end-point.  As 
much as 52 ~, of asparagine N was necessary for the same effect. 
The antagonism exerted by the above amino acids was characterized by the 
lack of strict quantitative relationship between the amount of substance used 
and the effect obtained.  The antagonism remained approximately the same 
within  a  wide range  of decreasing concentrations of asparagine  and  cystine. 
Experiments with mixtures of the antagonists suggested that the antipeniciUin 
effect was limited to a certain maximum (86 per cent), irrespective of the total 
of  the  antagonistic  potencies  of  the  ingredients.  With  calculated  sums  of 
percentages of antagonism of the amino acids composing the mixtures, ranging 
from 84 to 181 per cent, the antagonism observed remained in the narrow range 
of 62 to 86 per cent.  Furthermore, when the amount of penicillin was increased 
two and four times, the antipenicillin  effect fell disproportionately, 23 and 30 
per cent, respectively. 
Ample evidence was presented that no correlation existed between the effect 
of amino acids upon bacterial population at the expiration of the incubation 
period  and  their  penicillin-antagonizing  and  penicillin-enhancing  potencies. 
Certain alterations observed in the duration of the lag period and the generation 
time at the initial stage of the log phase apparently bore no direct relationship 
to the effects of amino acids upon the penicillin activity.  Similar modifications 
in the rate of bacterial growth induced by alternate incubation and refrigeration 
for various periods of time failed to influence  the penicillin  bacteriostasis. 
Cavallito  and  Bailey (5), whose studies were confirmed  by Hickey (6) and 
Muir and Valley (7), recently reported that cysteine and cysteine esters (methyl 
and ethyl) were capable of inactivating a number of antibiotics including penicil- 
lin.  S-methyl  cysteine,  methionine,  alanine,  and  serine  proved  ineffective. 
Other SH compounds; i.e.,  glutathione and thioglycollic  acid exerted a  slight 
effect.  The authors noted that cysteine inactivated more effectively the anti- 
biotic  activity  against  Gram-positive  than  Gram-negative  organisms.  The 
inactivation  was obtained by incubating  cysteine with  penicillin  for  1 hour 
prior to inoculation of the test organism.  The effect of addition of cysteine 
without preliminary incubation was not mentioned.  It may be recalled, how- 
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amino acids (i.e. asparagine and cystine) with penicillin  for various periods of 
time prior to inoculation of the organism produced no significant  change in the 
results  obtained.  Observation  on  the  effect of  cysteine  on  the  activity  of 
penicillin  against Gram-negative organisms will be studied shortly. 
When all the data characterizing the manner in which the amino acids sup- 
press the penicillin  activity are  considered together,  the conclusion  suggests 
itself that  the antagonism is due to the effect of amino acids upon bacterial 
metabolism rather not caused by their interaction with penicillin  itself.  The 
conclusion  finds support in the following:- 
There were observed significant  changes in the penicillin  susceptibility when 
E. coli was maintained serially in media of various composition for a number of 
generations, prior to testing, namely, in basal Gladstone medium alone, Glad- 
stone medium containing  casein hydrolysate, and  meat infusion agar.  The 
"casein-Gladstone"  substrain possessed the highest susceptibility.  The "meat 
infusion agar" and "Gladstone" substrains were 1.66 and 3 times more resistant 
to peniciUin,  respectively, than  the first substrain.  It wiU be recalled  that 
casein hydrolysate had a higher concentration of antagonistic amino acids than 
meat infusion broth, while the "Gladstone" medium alone contained no amino 
acids.  Thus,  obviously, the  acquired  penicillin  resistance  bore  an  inverse 
relation to the concentration of antagonistic amino acids in the medium serving 
for serial maintenance. 
It  was  shown  by previous  authors  (Fildes,  Gladstone,  and  Knight  (8); 
Koser and  Wright  (9);  Lankford,  Scott,  Cox,  and  Cooke  (10);  and  Wood, 
Andersen, and Werkman (11)) that microorganisms  may acquire the ability to 
synthesize certain vitamins and amino acids essential for growth when trained 
to grow in their absence.  Conversely, a loss in synthetic function may be in- 
curred by continued growth of an organism in an environment in which the 
essential metabolite is present and,  therefore, no need arises for its synthesis 
(Fildes,  Gladstone, and Knight  (8)).  In a recent paper Roepke, Libby, and 
Small (12) reported that eight different mutant strains were obtained by single 
colony isolation from cultures of E. coli which had been transferred serially in a 
complete medium  (i.e.  containing  meat  infusion  broth  enriched  with  crude 
liver extract).  These variants appeared to have lost the ability to synthesize 
nicotinamide,  thiamine,  methionine,  lysine,  cystine,  arginine,  threonine,  or 
tryptophane.  All the mutant strains failed to give visible growth in the basal 
medium and gave a graded growth response with increasing  concentrations of 
the required amino acid.  The rate of reversion of mutants to the parent strain 
was not significant.  Also,  of pertinent interest are the observations of Gale 
(13) which demonstrated that decarboxylases for arginine,  lysine, histidine, and 
ornithine  failed to form when E.  coli was grown in amino acid-free medium. 
It still remains unknown whether the amino acids described exert the sup- 
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their metabolism.  Furthermore, no information is available to indicate the 
exact  mechanism  which  brings  about  the  alterations  in  penicillin resistance 
just  described.  Considering, however, the  observations of previous authors 
quoted above, together with  the  inverse relationship between the  degree of 
acquired resistance to penicillin and the concentration of antagonistic amino 
acids serving for serial maintenance of the organism, the following modus oper- 
andi  suggests itself:-- 
A substrain grown serially in the presence of casein hydrolysate may lose its 
ability to produce the antagonistic factors, inasmuch as the medium contains 
a significant concentration of antagonistic amino acids.  This may be the rea- 
son for the high penicillin susceptibility of the "casein-Gladstone" substrain. 
When a substrain is trained to grow on meat infusion agar containing a lower 
concentration  of antagonistic  amino  acids  than  the  casein  hydrolysate, the 
ability of the organism to produce antipenicillin factors may be proportionately 
restored, making the substrain more resistant to penicillin than the first one. 
Finally,  when  continually  grown  in  basal  medium  devoid  of  antagonistic 
amino acids, as in the case of "Gladstone" substrain, the ability of the organism 
to produce the antipenicilli  n  factors may become still more pronounced, the 
resulting  penicillin  resistance  being  the  highest.  These  considerations  are 
offered only in the form of a working hypothesis.  Whatever the exact mechan- 
ism of the observations may be, it can be concluded, that at least in part,  5 the 
refractoriness of E. coli to penicillin may be caused by intrinsic and extrinsic 
antagonists  related  reciprocally and  possibly  chemically to  each  other.  In 
inverse relation to the concentration of antagonistic amino acids used in the 
medium for serial maintenance, the organism may acquire various degrees of 
penicillin resistance; i.e., resistance due to intrinsic factors.  The refractoriness 
to penicillin may be also caused by addition of the antagonistic amino acids to 
the surrounding medium; i.e., resistance due to extrinsic factors. 
The relation between the antagonistic effects and chemical structure of the 
amino  acids  may  be  grouped,  as  follows:J 
(a)  Dicarboxylic monoamino acids (glutamic and aspartic acids and aspara- 
gine).  In these acids the presence of the amino group is essential, inasmuch as 
the parent glutaric and succinic acids are ineffective. 
(b) Cystine is strongly antagonistic, while a number of other propionic and 
a-aminopropionic acid derivatives are devoid of this property.  It is of interest 
that  acids  with  methyl-thiol,  methyl-sulfoxide,  and  sulfonic  groupings  are 
The refracto  "rmess of bacteria is assumed by some authors to be due to the production of 
penir~nlnase by bacteria.  The correlation  is, however,  incomplete  (21).  The substance  was not 
demonstrated in organisms which acquire resistance  to penicillin  by training.  The problem of 
whether any relation exists between this function and the effects described  in this paper as 
well as that of the relative significance of the effects  in the phenomenon  of refractoriness  re- 
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not  antagonistic,  i.e.  methionine,  methionine  sulfoxide,  and  taurine, re- 
spectively.  It appears, therefore, that  --S--S linkage may be related to the 
antipenicillin  potency  described.  The  question  whether  SH  grouping  of 
cysteine is operative in a  similar or different manner must remain open for 
further study. 
(c) The antagonism is also exerted markedly by the a-amino acids with guan- 
idine, glyoxaline, and pyrrole nuclei which all possess in common -NH  group- 
ing in the nucleus.  It will be remembered, however, that the presence of a 
hydroxyl'radical in the pyrrole nucleus is essential since proline is inactive, 
whilst hydroxyproline is strongly antagonistic. 
As already mentioned, it remains unknown whether the antagonism is due to 
the amino acids in their intact form or to products of bacterial metabolism. 
The following examples of certain interconversions occurring in the animal serve 
to indicate that the amino acids possessing the antipenicillin property may be 
biologically even more closely related to each other than indicated by chemical 
structure.  (Obviously, it is not intended to imply without proof that similar 
interconversions may be  occurring  in  the  bacterial  cultures.)  Thus,  using 
deuterium and N 15 isotopes as tracers, Stetten and Schoenheimer (14) described 
a  scheme  of possible  reactions in  the  metabolic interconversions of proline, 
hydroxyproline, ornithine,  arginine,  and  glutamic acid.  According  to  Edl- 
bacher and Kraus (15), glutamic acid may be formed from the carbon chain of 
histidine following splitting of the glyoxaline nucleus by means of histidase. 
In connection with the observed differences in the antipenicillin effects of pro- 
line and hydroxyproline, it may be also of interest to mention that the metabo- 
lism of the two substances may follow different pathways.  It was demonstrated 
by Edson (16) that liver slices may produce aceto-acetic acid in the presence of 
hydroxyproline, whereas no significant amount of the ketone body is produced 
in the presence oi proline. 
In contrast to the antagonism exercised by some amino acids, d/-methionine 
was  capable  of  potentiating  the  effect of  penicillin upon  refractory Gram- 
negative bacilli.  The activation by methionine was apparently due to reversal 
of the antagonists present in the surrounding medium.  When tested in basal 
medium there occurred significant suppression by methionine of the antagonism 
of amino acids (i.e.  asparagine, aspartic and hydroxyglutamic acids, and histi- 
dine).  The substance was also capable of reversing, but to a lesser degree, the 
antagonistic action of substances of mixed composition, namely, serum, meat 
infusion broth and, possibly, casein hydrolysate.  No other amino acid, out of 
twenty tested, was capable of similar potentiation.  It will be recalled that 
dicarboxylic monoamino acids were among those endowed with antipenicillin 
property.  In view of this it was attempted to determine whether monohy- 
droxy-monoamino acids could facilitate the methionine reversal of the antago- 
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effect of methionine in the presence of various amino acids, it was found that 
methionine-methionine  sulfoxide-threonine  mixtures  8 enhanced  markedly the 
penicillin susceptibility of E. coli in the presence of antagonistic serum.  The 
majority of broth cultures of Gram-negative organisms are refractory to penicil- 
lin.  Assuming that the refractoriness may be due to the antipenicillin potency 
of broth, a  number of Gram-negative organisms were tested against penicillin 
in  the  presence  of methionine-methionine  sulfoxide-threonine  mixture.  The 
addition of this mixture resulted in a significant enhancement of pen!cillin sus- 
ceptibility  of  Eberthella,  Salmonella,  Shigella,  and  BruceUa  broth  cultures. 
The quantitative relationships of the amino acids were of interest.  The action 
of amino acids was synergistic rather than additive.  Methionine was essential 
for  the  enhancement  of  penicillin  susceptibility.  Methionine  sulfoxide  and 
threonine facilitated the effect of methionine following a reciprocal quantitative 
relationship.  Using optimum concentrations of the amino acids, the increase 
in  susceptibility of the  test organism Eb.  typhosa,  strain TIM, was  100-fold. 
With resistance thus reduced, the organism was only five times more resistant 
than the standard strain H of Staphylococcus aureus, the penicillin susceptibility 
of which is taken as unity.  The concentrations optimal for this strain were not, 
however, equally effective with other strains or groups of Gram-negative organ- 
isms.  Further studies on these relationships are in progress. 
The data available are insufficient to permit any definite conclusion  on  the 
relation between  the  enhancing  effects and  chemical structure  of the  amino 
acids.  The following considerations may, however, be worth mentioning:-- 
Methionine  [CHs. S. CH2-CH2. CH(NH2)COOH],  methionine  sulfoxide 
[CH,. SO. CH2- CH~. CH. (NH,)COOH];  and  threonine  [CH3. CH- (OH). CH 
(NH,). COON]  are  all derivatives of a-aminobutyric acid. 
Methionine is the only substance among the twenty amino acids, including 
cystine, tested thus far which is capable of enhancing the activity of penicillin 
against  Gram-negative  organisms.  It  is  suggestive,  therefore,  that  the 
CHs. S grouping may be associated with the enhancement. 7 
Furthermore, it also appears that the substitution of S atom of methionine 
by SO molecule as in methionine sulfoxide, as well as the introduction of OH 
grouping into the paraffin chain of an a-amino acid may be associated with the 
facilitating effect.  Insufficient amounts of serine  [CH2.OH. CH(NH2)COOH] 
6  The isolation of d/-methionine sulfoxide has  been  reported  by Toennies (22).  The 
unusual feature of the  compound is its high water solubility which is about twenty times 
greater than that of the parent substance, dl-methionine.  The author is grateful to General 
Biochemicals, Division of Wyeth~ for a generous supply of the compound. 
7  It is of interest in this connection that according to Kohn and Harris (17) the metabolism 
of methionine by bacteria is quite  different from the utilization of cysteine and  cystine. 
Methiouine is not  oxidized, decarboxylated, deaminated, or hydrolyzed by E.  coli.  The 
substance is not utilized as a source of nitrogen when NI-Ia  in basal medium is replaced by 
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were available for thorough studies.  It appeared, however, clearly that the 
substance was capable of giving a facilitating effect similar to threonine, a fact 
supporting the assumption just made. 
There are certain well known differences in the modes of action of sulfona- 
mides and penicillin upon the bacterial cell (i.e  para-aminobenzoic acid reversal 
of the effect of the first but not of the second; differences in the relation to the 
bacterial growth curve; acquired resistance of a  bacterial culture against one 
failing to protect against the action of the other drug, etc.).  The facts recorded 
in this paper may aid further in the differentiation.  Thus, the amino acids 
(dicarboxylic-a-amino acids, cystine, hydroxyproline, arginine, and histidine) 
suppressing the effect of penicillin upon Gram-negative bacilli are devoid of 
antisulfonamide property  (Kohn and Harris  (17)).  Bliss and Long (18)  re- 
ported a weak antagonistic effect of arginine upon sulfonamides.  Conversely, 
methionine, activating the effect of penicillin according to the studies of this 
paper, has a marked suppressing effect upon the sulfonamide bacteriostasis of 
E. coli (Bliss and Long (18), Kohn and Harris (19a) and Harris and Kohn (19b)). 
SUMMARY 
The susceptibility of E. coli and Salmonella to penicillin is highest in a basal 
medium devoid of amino acids.  Blood serum in certain concentrations, meat 
infusion broth, yeast extract, and casein hydrolysate interfere with the penicil- 
lin activity.  The effect is apparently due to the antagonism of certain amino 
acids in the materials. 
Dicarboxyl-monoamino acids (i.e. aspartic, glutamic, and hydroxyglutamic 
acids  and  asparagine)  cystine,  arginine,  histidine,  and  hydroxyproline are 
capable of suppressing the effect of penicillin upon Gram-negative organisms. 
The antagonism of amino acids is not primarily related to their effect upon 
the rate of bacterial growth. 
It is suggested from the experiments detailed, that the antipeniciUin activity 
is due to the effect of the amino acids upon bacterial metabolism. 
Prepassages in media of various concentrations of antagonistic amino acids 
alter the resistance of E. coli to penicillin.  The changes are in inverse relation 
to the concentration of the antagonists. 
The antipenicillin activity of amino acids may be reversed significantly by 
dl-methionine.  The  substance, however, reverses only incompletely the an- 
tagonism of materials  of mixed  composition; i.e.,  casein hydrolysate, meat 
infusion broth, and serum. 
Upon  addition  of methionine, methionine sulfoxide,  and  threonine,  there 
occurs a  marked enhancement of penicillin susceptibility of broth cultures of 
Brucella, Eberthella, Salmonella, and ShigeUa.  The enhancement is apparently 
due to the ability of this amino acid mixture to reverse effectively the action of 
the antagonists present in the cultures. 88  RESISTANCE  OF  GRAM-I~EGATIVE  BACILLI  TO  PENICILLIN 
Methionine  is  essential  for  the  enhancement  of  penicillin  susceptibility. 
Threonine and methionine sulfoxide facilitate the effect of methionine following 
a reciprocal quantitative  relationship. 
The author is indebted to Miss Alice Fisher for capable and accurate assistance. 
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